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PR EFAC, 



The purpose of this paper is to attempt to bring 
together from a ride variety of sources the predominant 
theories pertaining to the problems encountered using 
carbon collectors operating unaer the conditions found 
in modern aircraft, to present some of the attempts that 
have been made to arrive at satisfactory solutions, and 
to suggest another line of research that due to time 
limitations imposed by the moving of the b. d. Kaval 
Postgraduate School from Annapolis, no. to hontcrey, Calif., 
the v/riter vas not able to pursue himself. 
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_A CUIiVJY OF 1 1 IGF ALTIIUfn 

The difficulties encountered in obtaining satisfactory 

current collection from electrical rotating equipment operating 
over the wide range of conditions peculiar to machines that are 
a part of military aircraft have been acute eno .gh in the past 
decade to cause consiuerable concern to the air Force, Navy, ana 
many of the large electrical equipment manufacturing companies. 

There are two main requirements to be met by current 
collectors. First, they must be capable of carrying hr.avy current 
densities wrthout excessive heating, excessive voltage crop across 
the collector, and, in the case of D. C. machines, A rovice for the 
sparkless commutation. Second, the life of these collectors 
should be such that unaer the specified operating conditions 
costly and time consuming replacements are avoidec. 

For stationary machinery operating year after year in 
approximately the same environment ordinary caruon brushes have 
served very satisfactorily as current collectors for noth A. C. 
and £. C. macnines. The term ordinary as it is used here does 
not mean that ary carbon brush will ue satisfactory fur any 
machine, but, for a given machine after it has seen uesi 0 nea, 
crushes can be fittea by a x rocess of trial anc error that will 
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give satisfactory commutation. T.hese trial brushes may 
vary as to composition, specific resistance, ana to the 
spring pressure useo. to hola the brusn te tec commutator. 

The brushes for aircraft equipment must operate in 
ambient temperatures vary in fa from -73 aegrees to +100 aegrees 
Fahrenheit at altituu.es varying from se Q level to 00,000 feet, 
with rated current aensities of about amperes per square 

inch for generators, and about 100 amperes ,cr square inch for 
motors. Ilodern D. C. aircraft generators are uesignea to 
receive cooling air from external sources . ith a minimum in 
flight total head drop across the generator of 6 Inches HgO, 
v, T hile most motors are totally enclosed. These requirement mean 
’ ide variations in mars of cooling air, amount of oxygen, per- 
centage of water vapor, ana percentage of contaminants present. 
All of these factors play important parts in the life and 
efficiency of carbon brushes. 

Satisfactory brush life as u^ed heraxter is oefined as a 
brush that after being properly run in will not wear more than 
1/4 of an inch operating at rated current censity at either sea 
level or at 5u,000 feet in 1000 hours. Rated current density at 
50,000 feet is taken as 75 % of rated current uensity at sea le^e! 
This derating at altitude is necessary for electrical equipment 
because the effect of the reduced mass of the cooling air is 
greater than the effect of the much lover ambient temperatures. 



The earliest reference tv the efx^ct_ of nu.x i<_ it,, o*. 

brush life that has come to tne attention of t. is auuiior was 

a report on the wear of slip ring brushes of a large alternator 

curing a cold dry winter. This report ^ilcicated that whenever 

the moisture content of the air dropped below 1. 5 grains of 

water vapor per cubic foot of air, carbon brushes could be 

expected to v.ear very rapidly. Further tests run during 1134 
(4} 

and 1935 aetermined the critical moisture content for safe 
operation of carbon brushes to be about a grains per cubic- 
foot. No mention was made of the types of carbon brushes 
used in these tests. 

The first reference to the failure of aircraft brushes 
in this country was a report of failure of brushes on slip 
rings controlling the pitch of the Curtiss Zlectric Propeller 
in 1940. In the German literature reference is made to a 
case of rapid wear occurring at axi altitude of 15, ^bu <£eet 
as early as 1935. During 1943, according to Hr. Finnison 

of '.''right Field, D. C. generator brushes were failing on high 
alititude bombers before one mission could be completed over 
Germary, and pursuit planes were needing brush replacements 
every two or three missions. Gince that time with increasing 
electrical loads and the advent of jet aircraft the brush 
ear problem has been compounded mary times. 



Several theories as to the cause -of this brush “ear 
have been presented. Two of the most prominent theories 
will be presented here. 

It has long been known that the copper oxide film has 

been essential for sparkless commutation ^ and it has been 

noted that v/ith the disappearance of this film crushes would 

commence to wear rapidly ana commence to dust. That the 

disappearance of this film was often coincident with low 

humidity was also noted. The exact composition of this film 

was for a long period of time in question. However, in 1044, 

(16) 

one investigator w r as able to remove sections of this film 
and by micro-chemistry to analyze the constituents. It vas 
found that the average film consisted of tv.o strata. The 
strata next to the metal consisted of Cu ,0 (cuprous oxide, 
a semi-conductor) average thickness about 210 Angstroms. On 
top of this was a strata of graphite averaging 200 Angstroms 
thick. Contained io this film .as foreign contaminants to 
the extent of lx. 1/S. These contaminants were Si0 r , A1,,0„, 

Ay O 

Fe 0„, and CaO. Origin of the contaminants .as unexplained. 

^ (5) 

One theory v ' that has been proposed to explain mary of 
the phenomena of sliding friction ana current conduction that 
has been proposed is that the copper oxide film acts as a 
lubricant between the sliding brush and the metallic 
conductor. The current is conducted by a puncture of this 
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film with the total area of the conuuc'ting path very small 
compared to the area of the orush. Lue to the ..igh current 
densities of these conducting paths the local temperature 
is extremely high, and at these temperatures the copper oxide 
is reduced to metallic copper and carbon monoxide. As these 
minute spots rotate from unaer the brush, the avera b u tempera- 
ture of the commutator is sufficient to rebuild this film. 

The action of the rater vapor has been explained as that of a 
chemical catalyst that increases the rate of oxidation. 

, There is a considerable evidence that appears to support 
such a tneoiy . Tests completed in 1936 to obtain tne electrical 
characteristics of carbon brushes indicate that the voltage 
drop across the brush contexts is relatec. to the thicluieso of 
the copper oxiae film. For example, a clean slip ring, i. e., 
no visible oxiae film, v;as operated in nitrogen atmosphere 
and the voltage urop across the contacts vas a constant small 
value as shovn in Fig. 1. Upon admitting dry air, the voltage 
crop increased to a new level, and upon acmitting room air the 
voltage drop again increased and leveled out at a higher level. 
Another attempt was made using o.ygen atmospheres first. The 
results are indicated in Fig. 2 . Fig. 3 gives the result for a 
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clean slip ring run first in hyarogen, then itro^en, ary air, 
then carbon dioxide. The important things to note from these 
tests is that the voltage drop increases with o;<ygen content and 
also that water vapor in the atmosphere increases the voltage 
drop across the brushes. Independent tests not shorn here have 
shorn that rater "vapor int.roo.uced ,to the saturation * oint with 
the brushes operating in a nitrogen atmosphere have no noticeable 
effect on the voltage drop across the contacts, another important 
point is the rapidity at which the contact crop uecr esses in 
the presence of a neutral (carbon dioxide) atmosphere. 

as for tne muuricating effect of the oxiue film, there is 
evidence that copper oxide will act as a lubricant in metal to 
metal contact. ^ That this lubricating ex feet is carried 
over in the case of carbon to metal contact aoes not necessarily 
follow. 

The other theory is that rater vapor functions as a lub. icant 

betveen the contacts and that it affects the film only indirectly 

(17) 

in that it prevents the aorading and wearing away of the film. 

The proponent of this theory has experimentally sho\/n that in the 
absence of oxide films and oxidizing atmospheres, the addition of 
small quantities of water vapor has a ^ ronouncea effect on the 
rate of wear of carbon brushes. Partial pressures in the range 
of 5 to 5 m Hg. will decrease wear in proportion to t*.e ^reosure. 
Above 5 m Hg. the wear rate is vor j low anu independent of tile 
pressure of the water vapor, x^.per iments with metal to metal 



sliding contacts have sncr.n that certain vt., izjcr udin fc 

( N 

water vapor do have pronounced lubricating qualities . 

In the tests just described there is no mention of currents 
being passed through the collector except before the experiment 
was actually started, to bake out ary vapors that mignt have 
been physically adsorbed on the surfaces. 

It has been shown through steroscopic views of electron- 
micrographs that the surface of the graphite strata of ti:e 
film is not composea of platelets oriented parallel to the 
surface as hau long been thought, but that t> _a i hitic projections 
extend upwards from the surface at angles up to nearly ninety 
uegre^s. The vast majority of these projections are at angles 
of less than 45 uegrees and have an vrierrtation ueter-mined by 
the direction of rotation. The investigator suggested that 
these microscopic projec cions mignt be the Cenuuotors and that 
tne carbon is in reality a microscopic brush. 

It has been shovn that carbon dust absorbs large ouantities 
of some gasses seme of which are adsorbed chemically to fill 
certain valence bonds. It is believed ti.at oxygen, hydrogen 
and nitrogen are chemisorbed while water vapor, N -Heptane and 
other vapors are physically ausorbeu. . It is believed that 
a partial monolayer of the physically ausorbed vapor is 
sufficient to proviue lubrication. It was also shown that the 
chemisorption of oxygen aids in the physical adsorption of 
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tne » ater vapor 
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7/hile these t-icon^s try to w^lain '.hat is happening 
i toe upj-er uoxiiOsoncu e tnat cc*uscs ex uorx'-.s to . &ui out, 
many attempts have boon made to increase the operating life 
of brushes at high altitudes. The fi st thought vus to try 
to lubricate the surfaces. Brushes .ere impregnated v.ith 
organic lubricants anu waxes. Some of tricse at first gave 
satisfactory performances at low current densities. Biush 
lives of the order of B5G hours were reported which vas 

very good compared to th~ brush life of about 1 hours "or 
the untreated brushes. The nature of the organic com» omit 
was not uisclosed. many of the lubricants created unaesireable 
electrical characteristics suen as overhoatixig ana excessive 
voltage crops across the contacts, hoxeovcr, as the current 
densities were increased, the organic luDi-icants r’uulo valorise 
at the higher temperatures and tn^ impregnated lubricant would 
be driven off after a very few hours of operation. 

It v d s tnon suggested that certain inorganic compounds 
with low vapor pressures and good lubricating qualities might 
be used. Among the compounds tric.a were the oxides of lead 
and zinc, sulfides and probably many others that ’ „re never 
irentioned in the literature. Tests in l£ho on the 1 ad Oyiide 
and zinc oxide indicated satisfactory performance at sea level. 
No results have been published to the Lnoi.iodge of t.is author 
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j. or tjaeir opc.i-o.tj.o-, at nign c.xtj.ouo.c.s, n irust dc assumed 
after this pci'xuQ. of time that tiio iu^i. altitude tests v&re 
unsatisfactory . .. oly su.ei.ium suliio.6 lie. co^.^ tr suifiuos were 

attempted hut dismissed as unsatisfactory apparently because 
of excessive filming at low altitudes, 'hen tree film becomes 
too thick, it tends to flake off i- small patches, roughening 
the surface of the commutator, which in tern causes excessive 
wear. Also, the thicker film caus es excessive vedtage drops 
across the contact and overheating ox the commutator. Viehmann 
mentions in his report thac a successful inorganic ir, pregnant 
\.as discovered in Germany early in the war. He neither 
indicates the nature of the impregnant nor does he define what 
he means by successful. 

He further mentions an effective means of preventing brush 
wear by the attainment e ^ tiro face of the crush, adjacent to 
the leading edge, a strip of v.nite metal (Zinc, Tin or Lett) 
about ,G06 n t rick. Supposedly minute particle-, of tire \hite 
metal were uc. t Ooiicu on tue surxc.ee, ox-idi-ccu, ana the oniae 
acted as a., inorganic lubricant. 

Concurrent v.i.h the ueVilopmej.it of the other inorganic 
impregnants, brushes impregnated with halogen compounds . ere 
independently developed. It as fauna that lea. iodide would 
maintain the commutator film under the most reverse cone it ions. 
It "as proposed by Dr . Elsey that the ioaice might replace the 
functions of the v ater vapor acting as a chemical catalyst 
favoring the o,-x.dation of the metallic copjer through an 
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intermediate and unstable compound of copper and ioaine to 

form cuprous oxide. Therefore, he reasoned the other halogens 

snould e:Jiibit the same characteristics as the ioaine. It \ as 

found that to a certain extent this was true. Since the iodide 

is the least stable of all the halides it \u s expectca that 

it should be more efiicient as a catalyst. Vhether or not this 

is true is not known as the next report, 105 u, on halide treated 

brushes does not mention the ioaiue trtateu brushes but concerns 

only leaa chloride, lead flcoride, and barium fluoride treated 

( 3) 

brushes. J There is sore mention of overf riming by l~ad 
fluoride brushes at sea level and it is susp cted that some 
difficulty of this sort was met with the lead iodide brushes. 

It should be stated at this point that the above explanation 
of the effect of the halides docs not satisfy the proponents of 
the vrater vapor lubrication theory vho insist that the halide 
acts only as a solid lubricant between the carbon brush and 
the film. 

( 9 ) 

In the report 0 f tests on many haliae impregnated brushes 

in 1950, it vas founa that not only was the amount of the 
impregnating material criticur, but also the type of carbon hase 
to Which the halide vas uaaed was also critical. The only brush 
out of a group tested that gave inaications of satisfactory life 
at both sea level ana 5c,oG0 feet was a utackpole Carbon Type 417 
impregnated with approximately Ba, F The incicated life 

fJ 
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of this type of brush from the ear measured coring a 5x 
hour test v r as 705 hours at 50,000 feet and 75o hours at sea 
level. This brush is unusual in that the life expectancy 
is greater at high altitudes than it -.as at sea level. One 
very important fact brought out by this investigation is the 
relationship between current density and brush v ear rhich is 

shown graphically in Fig. 4. 

( 18) 

The German report^ J mentioned earlier claims that 
besides the inorganic treatment developed earlier uuring the 
v/ar, another solution that -.as also completely effective in 
eliminating brusn v.ear problems. Tnis report mentions a 
machine designed so that the cooling air aoes not impinge 
airectly on the commutator but instead the cooling air is 
directed over the windings ana c-ols a sniela ov&r the commutator. 
The tests on this machine with the cooling air oirected on the 
commutator gave wear rates of .6" perhour. Tne sane machine 
with tne cooling air bypassing the commutator had normal brush 
wear (.0004" per hour). Unfortunately the current densities 
and altitudes '.ere not given for the tests on ti. is machine. 

After reading the results of experiments conducted \ ith 
sliding contacts both metal to metal ana carbon to metal, there 
seems no reason to doubt that water vapor and other vapors as 
as v r ell in monotomic layers have excelxent luoricating qualities. 
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There seems to be no reason to doubt that the lor T'riction of 
graphite at sea level is the result of adsorption of rater 
vapor. The elctrical characteristics of copper o::ide film and 
many of its behaviors leave much to be explained. The dynamic 
film theory while not actually explaining the method of con- 
duction across the cuprous oxide film appears to have considerable 
merit. Authorities agree that the vdtage drop across this 
film is a direct function of the thickness of the film. It 
therefore seemed quite possible to this writer that an equi- 
librium condition might be set up for each current eensity, 
assuming all other factors remaining constant such as type of 
brush, spring pressure, and ambient atmosphere, between the 
reduction of the copper oxide at tne high interfacial tempera- 
tures under the brush in the presence of the reaucing chare cter- 
istics of the carbon, and the oxidizing effect of the oxygen 
in the air at the average temperature of the conmutator surface. 
Increasing the current density should shift the equilibrium in 
the direction of the reduction since the hot spot temperatures 
under the brush should increase approximately proportional to 
the current (this assumes tnat the voltage crop across the 
contacts remains constant) while the avera 6 e temperature is 
also a function of the ambient air temper arui e. Ir ifnis 
hypothesis is true, on suduen crumping of the load the voltage 
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arop across the brushes shculu arop considerably ana then 
slowly build bach to its original equilibrium value. That 
this actually happens is veil kmovn . Brusi. spring pressures 
enter into this picture in two uiff^rent vays. First the 
pressure controls the area of contact and as such would affect 
the equilibrium thickness. Second, the brush pressure by 
friction affects the interfacial temperatures and abrasive 
tendencies. The composition of the brush itself could affect 
the reducing properties of the carbon or the oxidizing prop- 
erties of the atmosphere. The effect of tn - composition of 
the 'atmosphere has been demonstrated by Fig’s. 1, 2, and 3. 
Since the voltage arop necessary for successful cOi,.i..utation 
varies from machine to machine, the filii thickness directly 
affects the commutation and the above theory could explain 
why changing the brush pressure or changing the type of brush 
will mean the difference between successful cud unsuccessful 
commutation. 

One of the first questions that must be answered to prove 
whether or not the above hyicthesis is plausible is to attempt 
to find out at what temperatures carbon In the solid form will 
reduce the copper oxide film. In ordei to attempt to answer 
that question the experiment described im Appendix I was 
instituted as a form of pilot experiment. The results obtained 
from maintaining a copper oxide film at 300 degrees centigrade 



- 16 - 



for five hours i. a neutral atmosphere was a quite noticeable 
reduction of the copper oxide by the c-arbon brush. This 
noticeable reduction was observed by visual comparison before 
and after the heat treatment. It is unfitted that tne above 
experiment was only qualitative and the apparatus did not lend 
itself to any oegree of scientific accuracy; however, it rust 
be remembered that this was a pilot experiment, to be follov ed 
by a more elaborate exp^ri^ent vnich time oia not permit to 
be carried out. 

The temperature of 5uu degrees centigrade was chosen for 

the pilot experiment because, 1., interfacial temperatures are 

not known but estimates have been made of temperatures of 

1000 degrees centigre.de (melting point of copper) and 1613 

(13) 

degrees centigrade and , <2., limitations of equipment 

would not permit higher temperatures. 
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A PfulLILIIIwtEI ^ZPjiRIIiANI TC DAT. lUvilhn Till ADDUCING 
EFFECTS OF ^LECTilOGRAPI-ilT IC odUCILJcJ UFOII oOPPJI Chi DE FILMS 

The f oliov.'ing experiment was set up to give a qualitative 
information of the reducing effect of carbon Lrjei.es ucon 
copper oxide films. The actual setup of the experiment ‘.as 
suggested by Dr. Coonan, Chairman of the Metallurgy Department, 
and the necessary equipment as furnished 'y hi.. < epartment. 

The samples v:ere several strips of copper ay roximately 
l.o5 n long, .5" "”ide, and .Oo^D 1 thick. These strij s '.ere 
sanded flat on a conventional metallurgical sanding belt. 

The final finish v.as by hanu using a fine graue of emery paper. 
The carbon vras a piece of elec trog rachitic brush, exact 0 raae 
unknown, wnich v.as cut to a sine slightly smaller than the 
copper strips. 

The other e ^uipm^nt -•"as a nichrome ire wound resistance 
furnace, a o/4” silica tub^ about .cO" long, ruober stoppers, 
glass tubing, rubber hose, and. a supply of iierium. The equipment 
was assembled as shown in Fig. 5. 

The tests consisted of heating the w mace to various 
temperatures with pieces of copper insiue and observing that 
temperatures would give the typical appearing oxide coating. 

It v as found that a temperature of LOO degrees centigrade and 
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exposure of fifteen minutes c ave a typical brovsnish film 
rith a slight purplish Ccst. For the final test, a copp r 
strip vas sanded vith a fine grade of emery paper, cleaned 
chemically by rinsing in dilute acetic acid then heated at 
Zn degrees for approximately lb minutes. The previously 
mentioned film vas obtained. The carbon bloc*. vas clamped 
to the copper strip by cleans of a spring clamp made xrom a 
clock spring, ihe sample was replaced in the furnace with 
another sample of copper that had received the sam._ cleanin^ 
treatment. The furnace vas flusnea several times vita helium 
and then the clamps cuoseo ana the helium pressure brought 
up to 5 psi gage. The furnace temperature vas brought up to 
500 degrees centigrade ana maintained for a period of 5 hours. 
The furnace vas then permitted to cool vith the sample unacr 
the helium atmosphere. 

Then the sample vas removed and examined, pronounced 
regions v r ere noticeable on the surface as shorn in Fig. 6. 
Region 1, vhich extended well beyond the area covered by the 
carbon, had the same appearance that the entire copper bar 
had at the begin ing of the second heat treatment. Region X, 
wnicii as the re 0 ion at the very edge of the carbon crush, had 
a dark blue-black appearance vhich is contributed to more 
complete oxidation by the rowm air that \ as not removed by tne 
flushing. Region o had areas vitn almost pure Metallic copper 
color vitn small darker islands. This is the region in vnich 



-XI- 



the copper oxiae ana the carbon rere in contact. The oark 
islands are believed to be the lo 1 ' points or the points that 
rere not in close enough contact for the reauction to take 
place. The untreated piece of copper vas removed in the 
identical condition that it haa been in prior to the heat 
treatment . 

’thile this experiment in itself is not conclusive, it 
is believed that it is sufficient to wax rant further 
investigation. 
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The chief criticisms that can be applied to tne previous 
experiment are that the results are not quantitative, the methods 
used do not lend themselves to measurements, the temperatures at 
the interface are known but it is not known if they are the same 
temperature found on commutators, ana there was no current passing 
through the interface. 

The experiment herein proposed is designed to try to meet 
these objections. The equipment is shown in Fig. 7 as it is pro- 
posed to be set up. The bell jar -would be flushed and evacuated 
several times with helium before each test. The temperatures as 
near as possible interface temperatures are to be measured by the 
thermocouple inserted in the copper bar as near the conaucting 
surface as possible. A small area for the brush contact area 
should be useci to prevent overloading existing facilities. At 
the end of each test the gasses would be pumped through a standard 
two stage microadsorption t^ pe carbon dioxide analyzer which 
should permit quantitative measurements to be made. 

The equipment would p^m.-it the testing of stanuarc crushes of 
varying compositions and, also, permit tests at different brush 
pressures. Correlation of data from these tests while not pro- 
ducing any specific ansi ers to high altitude brush problems, should 
add to the fundamental knowledge about carbon brush contacts. 
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